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The G380R mutation in the transmembrane domain of fibro-
blast growth factor receptor 3 (FGFR3) causes achondroplasia,
the most common form of human dwarfism. Achondroplasia is a
heterozygous disorder, and thus the affected individuals express
both wild-type and mutant FGFR3. Yet heterodimerization in
achondroplasia has not been characterized thus far. To investi-
gate the formation of FGFR3 heterodimers in cellular mem-
branes, we designed an FGFR3 construct that lacks the kinase
domain, and we monitored the formation of inactive het-
erodimers between this construct and wild-type and mutant
FGFR3. The formation of the inactive heterodimers depleted
the pool of full-length receptors capable of forming active
homodimers and ultimately reduced their phosphorylation. By
analyzing the effect of the truncated FGFR3 on full-length
receptor phosphorylation, we demonstrated that FGFR3
WT/G380R heterodimers form with lower probability than
wild-type FGFR3 homodimers at low ligand concentration.
These results further our knowledge of FGFR3-associated bone
disorders.

The G380R mutation in fibroblast growth factor receptor 3
(FGFR3) transmembrane (TM)? domain has been linked to
achondroplasia, the most common form of human dwarfism
(1). Achondroplasia, characterized by short stature, is a com-
mon (1 in 15,000 live births) autosomal dominant disorder that
interferes with the maturation of the cartilage growth plate of
long bones (2—4). The affected protein, FGFR3, is a receptor
tyrosine kinase. Its activation, manifested in the autophosphor-
ylation of its kinase domain, involves lateral dimerization and
binding of FGF ligands and heparan sulfate (5, 6). Ligand bind-
ing increases receptor activation by stabilizing the dimers and
perhaps altering the dimer structure (7-11).

In cellular studies, the G380R mutation increases FGFR3
phosphorylation in the absence of ligand and at low ligand con-
centration (12—15). The increase, which is the likely cause for
pathogenesis, has been linked to an increase in the phosphory-
lation of the unliganded dimer (13). However, FGFR3 dimeriza-
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tion does not appear affected by the G380R mutation, as both
the wild-type FGFR3 and the G380R mutant show very similar
cross-linking and dimerization propensities (13).

Achondroplasia is a heterozygous disorder, and thus the
affected individuals express both wild-type and mutant FGFR3.
In this paper, we address the question whether mutant FGFR3
receptors heterodimerize with the wild type. Currently, the
answer to this question is unknown. Most studies of FGFR3
activation thus far have focused on FGFR3 homodimers,
because the detection of heterodimers is challenging. When
both wild-type and mutant FGFR3 molecules are present in
cells, three different dimeric species can co-exist as follows: 1)
wild-type homodimers, 2) mutant homodimers, and 3) wild-
type/mutant heterodimers (16). These dimers will be indistin-
guishable in many experiments, and their abundance will
depend on the respective expression levels and on the dimeriza-
tion propensities, which are unknown. Furthermore, the wild-
type and mutant unliganded dimer structures have been pro-
posed to be different (13, 17), and thus the formation and the
stability of heterodimers cannot even be predicted based on
previous homodimerization studies.

To investigate the formation of FGFR3 heterodimers in a
cellular environment, here we designed an FGFR3 construct
that lacks the kinase domain, and we monitored the formation
of heterodimers between this construct and full-length wild-
type and mutant FGFR3. Such full-length/truncated het-
erodimers will be inactive. They will deplete the pool of
full-length receptors capable of forming homodimers and ulti-
mately reduce the concentration of active homodimers. Thus,
the presence of the truncated receptors will lead to a decrease in
the phosphorylation of the full-length receptor if the full-length
and the truncated receptors dimerize. This decrease in phos-
phorylation can be measured experimentally.

We use this approach to compare the likelihood of formation
of FGFR3 WT/WT homodimers, WT/G380R heterodimers,
and heterodimers between WT and a different pathogenic
FGFR3 mutant, A391E (see Fig. 1). The A391E mutation in
FGFR3 TM domain is linked to a different heterozygous disor-
der, Crouzon syndrome with acanthosis nigricans (18). The
G380R and A391E mutations are both localized in FGFR3 TM
domain, and it is puzzling why they lead to two very different
phenotypes (skeletal dysplasia versus craniosynostosis) (19, 20).
Our results demonstrate that FGFR3 WT/G380R heterodimers
form with lower probability than wild-type homodimers and
WT/A391E heterodimers at low ligand concentration. Thus,
here we provide evidence for a key difference in the behavior of
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the two mutants, namely a difference in the interactions
between the wild type and the two mutants.

MATERIALS AND METHODS

Cell Culture—Human embryonic kidney (HEK) 293 cells
were cultured in DMEM supplemented with 10% fetal bovine
serum (FBS). Cells were maintained in the incubator with 5%
CO, at 37 °C.

Creation of Stable Cell Lines—HEK 293 cells were transfected
with one of the plasmids encoding FGFR3/W'T, FGFR3/G380R,
or FGFR3/A391E. Twenty four hours after transfection, culture
medium was replaced by medium supplemented with 0.6
pg/ml Geneticin® (G418, Invitrogen). Two or 3 days later, the
cells that grew to about 90% confluency were passed and seeded
with high dilution ratio into 150-mm cell culture dishes. The
medium with antibiotics was replaced every 2—3 days until col-
onies of cells appeared around 2 weeks after the initial seeding.
Eight colonies from each dish were selected and cultured in
24-well plates. The expression levels of FGFR3/WT, FGFR3/
G380R, and FGFR3/A391E were analyzed by Western blots,
and three cell lines with the same stable receptor expression
were selected. These cell lines were further amplified and used
in the experiments.

Construction of Truncated FGFR3 Plasmids—The plasmids
utilized the pcDNA™ 3.1(+) vector (Invitrogen), which con-
tains a human cytomegalovirus immediate-early (CMV) pro-
moter for high level expression in a wide range of mammalian
cells, a T7-priming site, and a multiple cloning site. Genes
encoding the truncated versions of human wild-type FGFR3
were constructed by ligation of the transmembrane PCR prod-
ucts using HindIII and Xbal restriction sites. The gene
sequences were amplified using a forward primer with a HindIII
restriction enzyme site and a reverse primer with an Xbal
restriction enzyme site, prior to ligation into the pcDNA™
3.1(+) vector. The truncated constructs are shown in Fig. 1.
ECTMy,;-1 contains the complete extracellular and TM
domains of FGFR3, ending at Arg>*® (see Fig. 1). ECTM -2,
ending at residue Ala®***, contains the extracellular domain of
FGFR3 and part of the TM domain. ECTM,,;-3, ending at res-
idue Ser**®, contains the extracellular, TM, and a part of the
juxtamembrane domain of FGFR3. NeuECTM contains the
extracellular and TM domains of Neu, ending at residue Arg®®°.

Transfection and Immunostaining—HEK 293 cells were
transfected with the plasmids encoding the truncated receptors
using FUGENE HD (Roche Applied Science) according to the
manufacturer’s protocol. Cells were cultured in normal
medium for 24 h following transfection. After fixing with 3%
paraformaldehyde, cells were blocked using bovine serum albu-
min (BSA) for 1 h. Cells were then incubated with anti-N-
FGEFR3 antibodies (SC-9007, Santa Cruz Biotechnology) over-
nightat 4 °C, followed by secondary antibodies (Alexa Fluor 488
goat anti-rabbit IgG (H+L) (Invitrogen)). The distribution of
the secondary antibodies was visualized using a confocal laser
scanning microscope (Nikon, Japan).

Flow Cytometry Measurements—HEK 293 cells were trans-
fected with a pcDNA 3.1(+) empty vector or the plasmid
encoding ECTM,;-1. Twenty four hours later, cells were
starved in serum-free DMEM for another 24 hours. The cells
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FIGURE 1. Overview of experimental design. The schematic depicts the
three types of dimers present in each cell line. Only the full-length FGFR3
homodimers are active: wild-type FGFR3 is shown in yellow; the G380R
mutant is shown in green, and the A391E mutant is shown in blue. The pres-
ence of the truncated ECTM,,-1 construct (yellow) leads to the formation of
full-length/truncated heterodimers that are inactive. They deplete the pool of
full-length receptors capable of forming homodimers and ultimately reduce
the concentration of active homodimers. The assay measures the decrease in
the phosphorylation of the full-length receptors.

were suspended in 5 mM EDTA and washed with 3% FBS/
PBS. ECTMy -1 expressed on the cell surface was stained with
anti-N-FGFR3 antibodies (SC-9007, Santa Cruz Biotechnology).
The cells were then incubated in the solution of fluorescein-con-
jugated anti-rabbit IgG (401314, EMD Chemicals). Measurements
were performed with a FACSCalibur flow cytometer (BD Biosci-
ences). The percentage of cells expressing ECT My, -1 was deter-
mined using FCS express software (De Novo Software).

Western Blots— After culture in normal medium for 24 h fol-
lowing transfection and then starvation in serum-free medium
for 24 h, cells were lysed with lysis buffer (25 mm Tris-Cl, 0.5%
Triton X-100, 20 mm NaCl, 2 mm EDTA, 2 mm NaVO,, and
protease inhibitor from Roche Applied Science). In some
experiments cells were incubated in medium supplemented
with FGFI (Millipore, MA), before they were lysed. After spin-
ning at 15,000 X g for 15 min at 4 °C, the supernatant was
collected, and the pellet was discarded. Protein concentration
was determined using the BCA™ assay kit (Pierce). The lysate
was loaded into 3— 8% NuPAGE® Novex® Tris acetate mini gels
(Invitrogen). Proteins were separated by electrophoresis and
transferred onto nitrocellulose membranes. The membrane
was blocked in milk for 1 h at room temperature and then
stained with either anti-N-FGFR3 (H-100) antibodies (sc-9007,
Santa Cruz Biotechnology), anti-C-FGFR3 antibodies (sc-123,
Santa Cruz Biotechnology), or phospho-Tyr-FGFR antibodies
(anti-Tyr®**%>*, Cell Signaling Technology). ECL™ detection
reagent (GE Healthcare) was used to visualize the secondary
anti-mouse or anti-rabbit HRP-conjugated antibodies (Pro-
mega). The bands were quantified using ImageQuant TL (GE
Healthcare).

Quantification of Western Blot Results and Statistical
Analysis—The Western blot films were scanned and processed
with ImageQuant TL. At least three sets of independent exper-
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iments were performed to determine the averages, the standard
deviations, and the standard errors.

The inhibition of the receptors in the stable lines was deter-
mined by taking the ratio of anti-Tyr®>**>* staining intensities
in the presence and absence of ECTMy,r-1. Each data point
was the result of three independent measurements, expressed
as means = S.E. To reduce the inordinate impact of the few
measurements with fortuitously small errors, we assumed that
all inhibition data had the same relative error. Composite errors
were calculated from inhibition data with an intercept of 0.06
and a slope of 0.14, values that were determined by a linear
regression analysis of measured standard errors versus
inhibition.

To determine whether there was statistically significant inhi-
bition across the range of ligand concentrations, we performed
a x* test (21) in which the x* contribution of each point, i, is
shown in Equation 1,

, _ (Inhibition; — 1\
Xi = SE,

where 1 is the expected value in the case of no inhibition. In a set
of measurements in which the expected and observed values
differ only by random experimental error, the x* values will
have a mean of around 1, with a 95% confidence interval of
about 0—2. The total reduced * for the whole curve was calcu-
lated according to Equation 2,

(Eq. 1)

i

— 22X
X = T gf (Eq.2)
where dfis the degrees of freedom (the number of points in the
curve minus 1). The reduced x> will be approximately 1 if the
data do not differ from the null hypothesis (no inhibition) by
more than the experimentally determined standard errors.
Once the reduced x> was calculated, we determined a p value
for the null hypotheses that the observed values are sampled
from a parent population with a mean equal to the expected
value. The p values for the calculated reduced y* values were
determined using a * table (21) with a p value < 0.05 consid-
ered significant.

The x? test was also used to assess the statistical difference
between different inhibition curves, a and b. In this case,
reduced x* was calculated by summing the difference over the
curves for each ligand concentration, i, as shown in Equation 3,

i( Inhibition, — Inhibitionb)2
7 S'E'dlff

X = df

(Eq.3)

where S.E. ; is the standard error of the difference between
two points, calculated by error propagation shown in Equation
4)

(Eq.4)

As above, the p value for the reduced x* was determined using a
X° table (21), with a p value < 0.05 considered significant.
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RESULTS

Expression and Membrane Localization of Truncated FGFR3—
The presence of a truncated RTK construct lacking the kinase
domain is expected to decrease phosphorylation of full-length
RTKs via the formation of inactive full-length/truncated
dimers (Fig. 1). First, we sought to confirm this expectation for
FGER3 by investigating whether a truncated FGFR3 construct
without the kinase domain can indeed inhibit FGFR3 phos-
phorylation. Second, we sought to determine whether the exact
point of truncation affects the inhibition. Toward this goal, we
constructed plasmids encoding three different versions of trun-
cated FGFR3, with extracellular and transmembrane domains
but no kinase domains. The three plasmids (ECTMy,r-1,
ECTMy -2, and ECTM,1-3), which differ in the exact point
of truncation, are shown schematically in Fig. 24. The hydro-
phobic membrane-embedded TM domain is underlined in Fig.
2A. We also created a similarly truncated version of an unre-
lated RTK, Neu, also shown in Fig. 24, to serve as a control.

HEK 293 cells were transfected with the plasmids encoding
the four truncated receptors. Twenty four hours after transfec-
tion, the localization of these truncated receptors on the cell
surface was detected via immunostaining without permeabili-
zation, using antibodies against the N termini of the truncated
receptors (anti-N-FGFR3 or anti-N-Neu antibodies), followed
by fluorescent secondary antibodies. As seen in Fig. 2B, all four
truncated receptors are expressed on the cell surface.

Next, we used Western blotting to probe the expression
and the molecular weight of the truncated FGFR3 constructs
(ECTMyer-1, ECTMyyr-2, and ECTMy-3). In these experi-
ments HEK 293 cells were transfected with plasmids encoding
the truncated receptor, and lysed; the lysates were subjected to
Western blotting. The cellular proteins were separated by
molecular weight using SDS-PAGE, and the expression of the
truncated FGFR3 constructs was detected by blotting with anti-
N-FGFR3 (SC-9007, Santa Cruz Biotechnology) antibodies that
recognize the extracellular domain of FGFR3. The results are
shown in Fig. 2C.

The full-length FGFR3 has the following three forms, with
different degrees of N-glycosylation: a 98-kDa native form
which is rarely observed, a 120-kDa partially glycosylated form,
and a 130-kDa fully glycosylated form (22). The calculated
molecular masses of the truncated receptors, based on their
primary amino acid sequences, are 39, 40, and 46 kDa for
ECTMy-1, ECTMy-2. and ECTMy,1-3 respectively. As
seen in Fig. 2C, there are two bands for each truncated FGFR3 at
positions higher than their predicted molecular weight. These
two bands correspond to the expected degrees of truncated
receptor glycosylation.

Effect of Truncated FGFR3 on FGFR3 Phosphorylation in Sta-
ble Cell Lines—Three stable HEK 293 cell lines, expressing
FGFR3/WT, FGFR3/G380R, and FGFR3/A391E, were created
as described under “Materials and Methods.” The G380R
mutant is linked to achondroplasia, the most common form of
short limb human dwarfism, and the A391E mutant is linked to
Crouzon syndrome (a craniosynostosis) with acanthosis nig-
ricans (a skin disorder). The three stable cells were trans-
fected with the plasmids encoding the truncated receptors,
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FIGURE 2. A, FGFR3 and Neu constructs used in the study. The abbreviations used are as follows: EC, extracellular domain; TM, transmembrane domain; JM,
juxtamembrane domain; KIN, kinase domain. B, immunofluorescence staining of the truncated FGFR3 constructs (ECTM,-1, ECTMy1-2, and ECTM,,+-3) and
the NeuECTM construct, expressed in HEK 293 cells. Intact cells were stained with anti-N-FGFR3 or anti-N-Neu antibodies without cell permeabilization. These
antibodies recognize the extracellular domains of the truncated constructs. The secondary antibody used was Alexa Fluor 488 goat anti-rabbit IgG (H+L). Scale
bar, 100 um. C, expression levels of truncated FGFR3 and Neu, as detected by Western blots, probed by anti-N-FGFR3 antibodies. Actin staining served as a
loading control. 7, empty vector; 2, ECTM-1; 3, ECTMy1-2; 4, ECTM,,+-3; and 5, Neu-ECTM.

ECTMy-1, ECTM1-2, and ECTMy-3 and NeuECTM.
Cells transfected with an empty pcDNA 3.1+ vector served as a
control. Twenty four hours after transfection, the cell culture
medium was replaced by serum-free medium. Another 24 h
later, cells were stimulated with 100 ng/ml of the ligand FGF1I.
After incubating with the ligand for 10 min, cells were rinsed
with cold PBS and lysed. The lysates were subjected to Western
blotting (see supplemental Fig. S1). The phosphorylation of
full-length wild-type and mutant FGFR3 in the three stable cell
lines was detected using anti-p-FGFR3 (anti-Tyr®>%/¢>%),
Although these antibodies have been generated to recognize
phosphorylated Tyr®®® and Tyr®** in FGFR1, they also specifi-
cally recognize the analogous Tyr®*” and Tyr®*® in FGFR3 (13).
Tyr®” and Tyr®*® are located in the activation loop of FGFR3

APRIL 15,2011 +VOLUME 286+-NUMBER 15

kinase domain and are essential for FGFR3 biological function.
The total FGFR3 expression, however, was probed using anti-
C-FGFR3 antibodies, which are reactive to the C terminus of
FGFR3 and thus detect only full-length FGFR3 but not the trun-
cated receptors.

Fig. 3 shows the results of three independent Western blot
experiments and demonstrates that all three FGFR3 truncated
constructs inhibited the phosphorylation of wild-type and
mutant FGFR3, with phosphorylation levels reduced to about
20% of the control. The truncated Neu construct, however, did
not inhibit significantly either wild-type FGFR3 or the two
mutants, despite the fact that it is expressed similarly on the cell
surface (Fig. 2B). In particular, the calculated p values for the
null hypothesis of no inhibition by NeuECTM according to
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FIGURE 3. Effect of the truncated receptors on the phosphorylation levels
of FGFR3/WT (A), FGFR3/G380R (B), and FGFR3/A391E (C) in stable cells.
In these experiments HEK 293 cells, stably expressing full-length receptors,
were transfected with plasmids encoding the truncated constructs. Cells
were incubated with 100 ng/ml FGF1 for 10 min before lysis.

Student’s ¢ test were 0.27, 0.47, and 0.68 for FGFR3/WT,
FGFR3/G380R, and FGFR3/A391E, respectively, demonstrat-
ing a lack of significant effect. Thus, all three FGFR3 truncated
constructs, ECTMy,1-1, ECTMy,1-2, and ECTM,,;-3, inhib-
ited the activation of FGFR3 in a specific manner. Importantly,
there were no significant differences in the effects of these three
truncated receptors on the phosphorylation of the wild type
and the two mutants, indicating that the exact point of trunca-
tion is not critical. One of the truncated receptors, ECT M, -1,
was selected for further studies.

Expression of Full-length Receptors and ECTM -1 in the
Three Stable Cell Lines—FGFR3/WT, FGFR3/G380R, and
FGFR3/A391E stable cells were transfected with the plasmid
encoding ECTMy,r-1. The stable expression of full-length
FGFR3 was probed using anti-C-FGFR3 antibodies. One repre-
sentative Western blot is shown in supplemental Fig. S3A. We
conducted three independent experiments for each of the three
stable lines, and in Fig. 44 we show the averages and the stan-
dard errors for the three stable lines (the expression of the wild-
type is assigned a value of 1). The p value from one-way
ANOVA is 0.46, demonstrating that there are no significant
differences in the stable expression of wild-type FGFR3 and the
two mutants in the three stable lines.

The transient expression of ECTMy, -1 in the cells was
probed using anti-N-FGFR3 antibodies. A typical Western blot
is shown in supplemental Fig. S3B. After conducting four inde-
pendent experiments for each of the stable lines, we show the
average expression of ECTMy, ;-1 in the three stable cells,
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FIGURE 4. A, expression of full-length FGFR3 in the three stable lines. Averages
and standard errors were calculated from three independent experiments.
The p value from one-way ANOVA is 0.46, indicating that there is no statistical
difference among the expression levels. B, transient expression of ECTM, ;-1
inthe three stable cells. The averages and standard errors are from four sets of
independent experiments. The p value from one-way ANOVA is 0.2, indicat-
ing that there is no statistical difference in ECTM,1-1 expression in the three
stable lines.

along with the standard errors, in Fig. 4B (the expression of
ECTMyr-1 in the wild-type stable line is assigned a value of 1).
The p value from one-way ANOVA is 0.2, demonstrating that the
expression of ECTMy,;-1 is the same in the three stable cell lines.
Because the anti-N-FGFR3 antibody recognizes the epitope
corresponding to amino acids 25—-124 within the extracellular
domain of FGFR3, it can detect both full-length FGFR3 and
ECTMy-1. Upon increasing the exposure time, both full-
length FGFR3 and ECTM -1 could be observed (supplemental
Fig. S2C). The expression level of ECTM-1 is an order of mag-
nitude higher than the expression of full-length FGFR3 in the three
stable cell lines. Under these conditions, mass action dictates that
heterodimers between full-length and truncated receptors are pre-
ferred over active FGFR3 homodimers (see “Discussion”).
Inhibitory Effect of ECTM -1 Over a Wide Ligand Concen-
tration Range—To gain further insight into the inhibition, we
assessed the inhibitory effect of ECT M,y -1 over a wide ligand
concentration range. We transfected the stable cell lines,
expressing either FGFR3/WT, FGFR3/G380R, or FGFR3/
A391E, with plasmids encoding either ECT My, -1 or an empty
pcDNA 3.1+ vector, and we analyzed the phosphorylation of
the stably expressed receptors using Western blotting. Typical
Western blot films are shown in Figs. 5-7 for FGFR3/WT, for
FGFR3/G380R, and for FGFR3/A391E, respectively.
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FIGURE 5. Effect of ECTM,,-1 on FGFR3/WT phosphorylation in stable cell
lines, as a function of ligand (FGF1) concentration. HEK 293 cells stably
expressing FGFR3/WT were transfected with plasmids encoding ECTM,,-1 or
an empty vector. Cells were stimulated with different concentrations of FGF1,
ranging from 1to 2500 ng/ml. The phosphorylation of FGFR3/WT in the stable
cells was detected using anti-p-FGFR3 antibodies, and the total expression
level of FGFR3 was probed by anti-C-FGFR3 antibodies, recognizing the intra-
cellular domain of FGFR3 and thus not reactive to the truncated ECTM,,1-1.
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FIGURE 6. Effect of ECTM,, -1 on FGFR3/G380R phosphorylation in stable
cell lines, as a function of ligand (FGF1) concentration.

Figs. 5-7 show the band staining intensities of anti-C-FGFR3
(SC-123) antibodies (bottom films) and anti-Tyr®**>* anti-
bodies (top films). These films report the expression and the

ACEVEN

APRIL 15,2011 +VOLUME 286-NUMBER 15

FGFR3 Heterodimerization in Achondroplasia

A391E w/o ECTMygr 1 A391E +ECTMgr1

0 5 25 50 125500 0 5 25 50 125 500 ngiml FGF?

Anti-p-FGFR3

Anti-C-FGFR3
A391E w/o ECTMgr1 A391E +ECT M1

125 05K 1.25K 2.5K| 125 0.5K 1.25K 2.5K ng/ml FGFI

Antip-FGFR3

Anti-C-FGFR3

FIGURE 7. Effect of ECTM,,1-1 on FGFR3/A391E phosphorylation in stable
cell lines, as a function of ligand (FGF 1) concentration.

phosphorylation of the full-length receptors, respectively. The
truncated FGFR3 construct is not detected by either of these
antibodies. In all cases, we observe two bands that are reactive
to anti-FGFR3 antibodies, corresponding to the 120-kDa
immature and the 130-kDa mature fully glycosylated FGFR3
isoforms. Below, we quantify only the intensity of the highest
molecular weight band, corresponding to the mature receptor
located predominantly in the plasma membrane and activated
in the presence of the ligand (22).

In Figs. 5-7 we observe strong phosphorylation of the mature
FGFR3 isoform in the absence of ECTM-1, which increases
with increasing FGFI concentration. At concentrations in the
range 125-1000 ng/ml FGF1, we observe a plateau in the phos-
phorylation; the phosphorylation level does not change as more
ligand is added. We have previously observed such a plateau at
high ligand concentrations in transient transfection experi-
ments (13). This plateau is rationalized by the fact that at such
high ligand concentrations all receptors that are accessible to
ligand have responded to it, and FGFR3 phosphorylation is at
its highest level possible (13).

In the presence of ECTMyr-1, the phosphorylation of the
three mature FGFR3 receptors increases with ligand con-
centration, but it is always lower than in the absence of
ECTMyyr-1. Thus, the truncated wild-type constructs inhibit
the activation of FGFR3/WT, FGFR3/A391E, and FGFR3/
G380R. To measure this effect, we first quantified the bands
corresponding to the highest molecular weight mature fully
glycosylated FGFR3. For successful quantification, the loading
of the gels was such that all the band intensities were within the
so-called “linear range,” where the staining intensities were
proportional to the protein concentrations (23). To plot results
for the three receptors on the same scale, the highest phosphor-
ylation level observed for each receptor was assigned a value of
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FIGURE 8. Phosphorylation of FGFR3/WT, FGFR3/G380R, and FGFR3/
A391E in the presence and absence of ECTM,,;-1. The results are obtained
via quantification of Western blot films such as the ones shown in Figs. 5-7.
The averages and the standard errors are from three independent sets of
experiments. The x axis is the concentration of the ligand, FGF1. The y axis is
the intensity of the anti-p-FGFR3 staining divided by the intensity of the
FGFR3 expression band.
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FIGURE 9. Inhibition curves, ratios of measured phosphorylation of
FGFR3/WT, FGFR3/G380R, and FGFR3/A391E in the presence and
absence of ECTM,,-1.

1. The calculated phosphorylation levels in the presence and
absence of ECTMy, as a function of ligand concentration
(activation curves) are presented in Fig. 8.

Next, we divided the measured FGFR3 phosphorylation in
the presence of ECTMyy1-1, Ppcra,, -1, by that of each corre-
sponding control (P, in the absence of ECTMy,-1), and then
we plotted the ratios Py, ,-1/P, a measure of the inhibitory
effect of ECTM -1, versus FGFI concentrations. The result-
ant inhibition curves are shown in Fig. 9; a ratio below 1 is
indicative of inhibition. The errors shown are standard errors.

We then examined the statistical significance of the observed
inhibition. First, we evaluated the inhibition over the entire
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TABLE 1

Analysis of inhibition by ECTM,,+-1 over a wide ligand concentration
range

X analysis of the inhibition curves in Fig. 9 are compared with a null hypothesis of

1 (no inhibition at any ligand concentration). All curves show extremely significant
inhibition, overall.

Receptor N b p value
WwWT 8¢ 107¢ <10°°
G380R 8 32 <10°°
A391E 8 57 <10°°

“ Shown are the number of data points in the inhibition curves used to calculate
reduced x>
? Data were calculated using Equation 2.
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FIGURE 10. Individual contributions to x? from the three inhibition curves
shown in Fig. 9. The y axis is a measure of the statistical significance of dif-
ference between inhibition and no inhibition. If there is no statistical differ-
ence, each x? value will be around 1-2. All the curves show the most signifi-
cant differences in the range 10-1000 ng/ml ligand. The effect of ECTM,,1-1
on FGFR3/G380R phosphorylation is not significant for concentrations lower
than 10 ng/ml.

ligand concentration range by assessing if the results are statis-
tically different from a value of 1, the null hypothesis for no
inhibition. Toward this goal we calculated the statistical signif-
icance of the whole curves using a ” test given by Equations 1
and 2. The results are shown in Table 1, and they demonstrate
that the inhibition curves for FGFR3/WT, FGFR3/A391E, and
FGFR3/G380R are highly significantly different from 1. Thus,
ECTMy-1 inhibits the phosphorylation of wild-type and
mutant FGFR3 over a wide ligand concentration range.

Next, we sought to identify the ligand concentration range,
over which the inhibition of the three receptors is the highest.
The contribution of each point to the sum of x* (Equation 1) is
shown in Fig. 10; the 95% confidence interval for random dis-
tribution is about 0—2 as shown by the gray area. There is a
statistically significant inhibitory effect of ECTMy,-1 on
FGFR3/WT and FGFR3/A391E over the entire ligand concen-
tration range. The inhibition of FGFR3/G380R, however, is sta-
tistically significant only above 10 ng/ml FGFI.

Next, we investigated if there are statistically significant dif-
ferences between the three inhibition curves shown in Fig. 9. To
answer this question, we compared the three pairs of inhibition
curves for (i) FGFR3/WT and EGER3/A391E, (ii) EGER3/WT
and FGFR3/G380R, and (ii) FGFR3/A391E and FGFR3/G380R
ina x? test using Equation 3. The results are shown in Table 2,
and they demonstrate that the FGFR3/G380R inhibition curve
is significantly different from the FGFR3/WT and FGFR3/
A391E inhibition curves. However, the FGFR3/WT and
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TABLE 2

Comparison of inhibition by ECTM,,;-1 over a wide ligand concentra-
tion range

X* analysis of the difference between the inhibition curves in Fig. 9, with a null
hypothesis of no difference. Reduced x* and corresponding p values are shown for
the entire ligand concentration range (all data) and only for data above 125 ng/ml
ligand, where there is no difference between curves. There are statistically signifi-
cant differences between the inhibition of FGFR3/G380R by ECTM,,-1, and the
inhibition of the wild-type and the A391E mutant.

x° x> (above
Receptor pair N (alldata) pvalue 125ng/ml) pvalue
WT — G380R 8* 55° <0.001° 1.0 >0.05
WT — A391E 8 0.9 >0.05 0.7 >0.05
G380R — A391E 8 3.1 <0.01¢ 0.2 >0.05

“ Shown are the number of data points in the inhibition curves, used to calculate
reduced x*.

® Data were calculated using Equation 3.

¢ Highly significant (p < 0.01).
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FIGURE 11. Individual contributions to x? from the differences between
the inhibition curves. The gray area is where the x? values will be found if
there is no statistical difference. The most significant differences occur up to
125 ng/ml ligand.

1000

FGFR3/A391E inhibition curves are not statistically different
from each other.

To assess the ligand concentration range over which the dif-
ferences are the largest, in Fig. 11 we show the contributions of
each point to the sum of x* from the three difference curves.
The gray area in Fig. 11 shows the 95% confidence interval of
the x* values expected if there is no statistical difference other
than random error. Note that the most significant differences
between the FGFR3/G380R inhibition curve and the other two
inhibition curves occur at low ligand concentrations, below 125
ng/ml ligand. Above 125 ng/ml, none of the curves are different
from each other (also shown in Table 2).

Inhibitory effect of ECTMt-1 in the absence of ligand—To
further investigate if the activation of FGFR3 is inhibited by
ECTM -1 in the absence of ligand, we performed additional
inhibition experiments without ligand. To determine whether
there is statistically significant inhibition, we performed a Stu-
dent’s t test using a null hypothesis of 1 (no inhibition). The
calculated p values are shown in Table 3. To evaluate the signif-
icance, we used the Bonferroni correction for multiple pairwise
comparisons, such that the p value cutoff for significance was
0.02 for each comparison, rather than 0.05 normally used for
single comparisons. The results in Table 3 show that the effect
of ECTMy,1-1 on FGFR3/WT and FGFR3/A391E activation
was statistically significant. However, ECTMy,-1 did not
inhibit the activity of FGFR3/G380R in the absence of ligand.

APRIL 15,2011 +VOLUME 286+-NUMBER 15
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TABLE 3
Analysis of inhibition by ECTM,,;-1 in the absence of ligand

The data are compared with a null hypothesis of 1 (no inhibition) using Student’s ¢
test. The wild-type and the A391E mutant show inhibition that is statistically sig-
nificant, but only moderately.

Receptor (no ligand) N Mean S.D. p value
wT 6“ 0.67 0.23" 0.02°
G380R 6 1.24 0.34 0.14
A391E 5 0.60 0.25 0.02¢
“ Shown are the number of independent data points measured in the absence of
ligand.

? Shown is the standard deviation.
¢ Statistically significant (p < 0.05).

TABLE 4

Comparison of unliganded inhibition via ANOVA analysis of the three
sets of unliganded inhibition data

In this analysis the data sets are compared with one another with a null hypothesis
that the inhibition is equal for all three. The overall ANOVA p value is 0.003, which
is highly significant. p values for the pairwise comparisons shown in the table were
calculated using Tukey-Kramer analysis for multiple comparisons. The inhibitions
of the wild-type and the A391E mutant in the absence of ligand are not significantly
different, although G380R inhibition is significantly different from the inhibition of
both the wild-type or the A391E mutant.

Receptor pair (no ligand) p value
Wild type — G380R p <0.01°
Wild type — A391E p>0.05
G380R — A391E p <001

“ Highly significant (p < 0.01).

Next, we asked if there are statistically significant differ-
ences in the unliganded inhibition of the three receptors by
ECTMyr-1. To answer this question, we compared their inhi-
bition in the absence of ligand using ANOVA and the Tukey-
Kramer test for pairwise comparisons. The results, shown in
Table 4, show that the inhibitions of FGFR3/WT and FGFR3/
G380R by ECTM, -1 are significantly different from each
other in the absence of ligand. Similarly, the inhibitions of the
two mutants by ECTM,-1 are significantly different from
each other, but the effects of ECTM1-1 on the activation of
FGFR3/A391E and FGFR3/WT are similar.

DISCUSSION

Summary of Findings—Our findings can be summarized as
follows. 1) The three FGFR3 receptors (WT, G380R, and
A391E) are inhibited significantly by ECTMy,-1 over a wide
ligand concentration range (Table 1 and Fig. 10). 2) The inhib-
itory effect of ECTM -1 on FGFR3/WT and FGFR3/A391E is
significantly larger than its effect on FGFR3/G380R (Table 1
and Fig. 10). 3) The differences between the measured inhibi-
tory effects occur up to 125 ng/ml ligand. Above 125 ng/ml
ligand the effects are indistinguishable (Table 2 and Fig. 11). 4)
In the absence of ligand, FGFR3/WT and FGFR3/A391E are
inhibited by ECTM -1, although FGFR3/G380R is not inhib-
ited (Table 3). 5) FGFR3/WT and FGFR3/A391E are inhibited
similarly by ECTM,;-1 in the absence of ligand (Table 4).

The conclusion of these studies is that the WT/G380R het-
erodimers form with lower probability than the WT/WT
homodimers or the WT/A391E heterodimers for FGFI con-
centrations lower than 125 ng/ml. Under these conditions,
there is a large fraction of unliganded dimers, and the TM
domains contribute significantly to interactions between
FGER3 receptors (24). At high ligand concentrations, where
most dimers are liganded, and where the extracellular domains
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dominate the interactions between receptors, the mutations
have little or no effect on dimerization. Indeed, here we find
that the likelihoods for WT/WT homodimers, WT/G380R het-
erodimers, and WT/A391E heterodimers are indistinguishable
at higher ligand concentrations.

Discussion of Experimental Design—Here we assess the for-
mation of heterodimers between a wild-type truncated con-
struct lacking the catalytic domain, ECTM, -1, and full-
length wild-type and mutant FGFR3 receptors, stably expressed
in HEK 293 cells. Such full-length/truncated heterodimers are
inactive (Fig. 1). Their formation depletes the pool of full-length
receptors capable of forming active homodimers and reduces
the concentration of active WT/WT, G380R/G380R and
A391E/A391E homodimers. Thus, the propensities for FGFR3
wild-type homodimerization and WT/A391E and WT/G380R
heterodimerization can be compared.

ECTMy -1 is expressed in about 70% of the cells because it
is introduced via transient transfection (see supplemental Fig.
S2). The remainder of the stable cells do not express the trun-
cated constructs but are part of the cell pool assayed in the
experiments. The cells that do not express ECTMy,1-1 reduce
the measured inhibitory effect of the construct. Nonetheless,
the effects are measurable and reproducible, and they can be
compared using statistical analysis, based on the following
facts: 1) the stable expressions of the three full-length receptors
are the same (Fig. 44), and 2) the transient expression of
ECTM -1 in the three stable lines is also the same (Fig. 4B).

The expression of ECTMy,1-1 is an order of magnitude
higher than the expression of full-length FGFR3 in the three
stable cell lines (supplemental Fig. S3C). According to the law of
mass action, under these conditions the heterodimers
between full-length and truncated receptors are preferred
over active FGFR3 homodimers. Although it is possible that
the deletion of the intracellular domain affects dimerization,
the relative propensities for the formation of WT homo-
dimers and WT/G380R and WT/A391E heterodimers can be
compared because the expression levels of the full-length
RTKs and ECTM, ;-1 in the three stable lines are the same
(Fig. 4, A and B). Furthermore, it should be noted that there
is always excess of free ligand, even at the lowest ligand con-
centration (see supplemental material), such that the
observed inhibitory effects are not due to ligand depletion by
ECTM -1

Molecular Mechanism behind FGFR3-associated Pathologies—
The A391E mutation in FGFR3 has been identified as a somatic
mutation in bladder cancer (25) and as a germ line mutation in
Crouzon syndrome with acanthosis nigricans (18), an auto-
somal dominant disorder characterized by premature ossifica-
tion of the skull (craniosynostosis) and skin hyperpigmentation
and hyperkeratosis. The A391E mutation stabilizes the isolated
FGFR3 TM domain homodimer in lipid bilayers by —1.3 kcal/
mol, most probably via hydrogen bonding (26). The mutation
increases the activation and the cross-linking propensity of a
chimeric Neu receptor containing the FGFR3 TM domain in
CHO cells by about —1.0 kcal/mol (23). The mutation also
increases the stability of the heterodimer of the wild-type/mu-
tant FGFR3 TM domains in lipid bilayers by —0.6 kcal/mol (16).

13280 JOURNAL OF BIOLOGICAL CHEMISTRY

Furthermore, molecular modeling has suggested that the TM
domain dimer structures of the wild-type FGFR3 and the path-
ogenic A391E mutant are similar, and therefore mutant dimer
stabilization is a direct consequence of the interaction (most
probably hydrogen bonding) between Glu**" and the adjacent
helix in the dimer (26). In other words, the dimerization motif
does not change because of the mutation, but instead a new
hydrogen bond is added to further stabilize the dimer.

The G380R mutation associated with achondroplasia, how-
ever, does not increase FGFR3 dimerization (13, 27). Instead,
FGER3 activity in achondroplasia is increased due to increased
probability for phosphorylation in the absence of ligand (13).
Computer modeling of the FGFR3 TM domain dimer carrying
the G380R mutation suggests that the mutation induces a rota-
tion in the TM dimer interface (13). Such rotations of RTK TM
dimer interfaces have been linked to changes in auto-phosphor-
ylation propensities (28).

Because the structures of the wild-type and G380R
homodimers are expected to be different, no prediction can
be made about the formation/stability of WT/G380R het-
erodimers. Here, we show experimentally that WT/G380R
heterodimers form with lower probability than WT/WT
homodimers and WT/A391E heterodimers for low FGFI con-
centrations. The likelihoods for WT/WT homodimers,
WT/G380R heterodimers, and WT/G380R heterodimers are
similar to each other at higher ligand concentrations.

The G380R and A391E mutations are localized in the TM
domain of the same receptor. Yet the two mutations are linked to
different phenotypes. The G380R mutation affects the develop-
ment of the long bones, whereas the A391E mutation leads to
premature ossification of the skull in the coronal area (20, 29).
Long bones and cranial bones develop via different pathways. The
long bones develop via endochondral ossification, i.e. as hyper-
trophic chondrocytes die, the space is invaded by bone. The cranial
bones develop as a result of differentiation of mesenchymal cells
into bone. Currently, it is not clear why these two mutations in the
same receptor give rise to different phenotypes.

Previous work has already revealed a difference in the effects
of these two mutations; A391E increases FGFR3 activation by
increasing dimerization, whereas G380R likely affects the
structure of the dimer in the absence of ligand (8, 9). Here, we
demonstrate a second key difference between the two mutants.
Although WT/A391E heterodimers readily form in cellular
membranes, WT/G380R heterodimers form with lower proba-
bility than WT/WT homodimers and WT/A391E hetero-
dimers for low FGFI concentrations. The difference in interac-
tions that we measure here may help explain the different
phenotypic effects due to these two mutations.
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